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Conformational or chemical exchange can cause significant sensitivity loss in NMR spectroscopy through
resonance broadening for nuclear spins involved in these processes. While this effect may sometimes be
alleviated by manipulating experimental conditions such as temperature, pH, and buffers, conditions
optimal for all resonances are not always achievable. As a consequence, any means of recovering or min-
imizing this exchange-induced sensitivity loss is potentially of significant value in regaining information
otherwise lost. We report the experimental observation of significant sensitivity gain for nuclear spins
undergoing chemical exchange with solvent (water) at exchange rates ca 1–10 s�1 in 1H–15N correlation
spectra of proteins acquired with band-selective pulses (the SOFAST-HMQC sequence).

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Spectral line broadening and subsequent disappearance of res-
onances are often encountered in NMR spectra of biomolecules
as a consequence of chemical or conformational exchange on the
timescale of microseconds to milliseconds. Conditions optimal for
all nuclear spins in a given sample are not always readily achiev-
able, even after exhaustive experimental manipulation of temper-
ature, pH, and buffers [1]. Any means of recovering/minimizing
this sensitivity loss would therefore be of value in regaining infor-
mation otherwise lost. Dedicated schemes incorporated into the
TROSY (Transverse Relaxation-Optimised SpectroscopY) version of
the 1H–15N HSQC (Heteronuclear Single Quantum Coherence)
sequence have been developed recently for suppression of the line
broadening induced by conformational exchange using ‘‘chemical
shift scaling’’ [2,3]. It has also been shown that protonless (13C-
detected) NMR spectroscopy can be used to alleviate the loss of
information due to exchange broadening [4]. In contrast to line
broadening resulting from conformational exchange, sensitivity
loss arising from backbone amide proton exchange with solvent
(normally water) is usually not as deleterious as that caused by
local conformational heterogeneity because backbone amide
protons undergoing exchange with water are usually in the slow
ll rights reserved.
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exchange regime (relative to the chemical shift timescale) [5].
More often these exchanging amide protons are also located in
or near the conformationally flexible regions of proteins, such as
the N- and C-termini or long loops where local flexibility gives rise
to relatively longer transverse relaxation times and effectively
compensates the potential loss of sensitivity resulting from ex-
change with the solvent to some extent. Significant sensitivity loss
may occur, however, when the exchange deviates from the slow
exchange regime; in extreme situations backbone amides in rapid
exchange with water may be unobservable [6].

The SOFAST-HMQC (band-Selective Optimized Flip-Angle Short-
Transient Heteronuclear Multiple Quantum Coherence) sequence
[7], is one of several methods that have been introduced to achieve
sensitivity enhancement in NMR spectroscopy by speeding up the
acquisition of multi-dimensional NMR spectra [8–12]. The SO-
FAST-HMQC sequence employs the BEST, Band-selective Excitation
Short Transient, scheme [13] to achieve longitudinal relaxation opti-
mization for backbone amide protons, allowing short relaxation de-
lays (inter-scan delay, TR) between scans (typically 6100 ms)
without saturating amide proton magnetization [7]. Consequently,
it significantly improves the sensitivity of 2D heteronuclear correla-
tion spectra when compared with that of conventional methods
such as the sensitivity-enhanced, water-flip-back HSQC sequence
[14,15].

The basis of sensitivity enhancement observed in SOFAST-
HMQC over the conventional 1H–15N HSQC method is well ex-
plained by spin diffusion [12,16]. Band-selective pulses perturb
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only the spins of interest (e.g. amide protons), but leave all others
(e.g. solvent and aliphatic protons) unperturbed, effectively divid-
ing the spin ensemble into two pools at different spin-temperature
[17] with one pool (pool-I) consisting of perturbed spins at higher
spin-temperature and the second (pool-II) containing unperturbed
spins at lower spin-temperature. The presence of this spin-temper-
ature difference allows the magnetization of spins in pool-II to be
transferred to spins in pool-I during the inter-scan delay, TR, via
spin diffusion and/or chemical exchange [18] processes, effectively
allowing those excited spins in pool-I to return to their equilibrium
states at rates much faster than their intrinsic longitudinal
relaxation rates, R1 [19]. In this communication, we report the
experimental observation of significant exchange enhanced sensi-
tivity gain for nuclear spins undergoing relatively rapid chemical
exchange with water (k � 1–10 s�1) in 1H–15N correlation spectra
acquired with the SOFAST-HMQC sequence [7].
Fig. 1. Amide protons of mIL-333–156 in chemical exchange with water as detected
by CLEANEX experiments. (A) Regions of 1H–15N HSQC (left panel) and CLEANEX
spectra (middle and right panels with mixing times of 15 ms and 60 ms,
respectively) of mIL-333–156 containing water-exchangeable residues K71 and
A111. (B) CLEANEX spectra of mIL-333–156 recoded at 283 K with mixing time of
15 ms (in blue) and 60 ms (in red) superimposed on the 1H–15N HSQC spectrum
with residues shown in Figs. 2C and 3A labelled (residues exhibiting exchange with
solvent water at 283 K, as detected by CLEANEX, are labelled in blue, those that do
not exhibit exchange with water are labelled in black). (C) Ratios of peak volumes
for a group of residues, calculated from CLEANEX spectra at various mixing times
and a reference 1H–15N HSQC spectrum, vs. the mixing time (exchange spinlock)
used in the CLEANEX sequence. All lines represent fits to Eq. (1). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
2. Results and discussion

Murine interleukin-3 (mIL-333–156, consisting of residues 33–
156 with a single amino acid substitution C105A) [20] contains a
group of residues displaying substantial conformational and/or
chemical exchange phenomena in solution [21,22]. A number of
residues exhibit non-linear temperature dependence, deviating
from linearity at higher temperature, for their backbone amide
1H chemical shifts over the temperature range 283–303 K [22]. In
addition, 15N relaxation dispersion measurements revealed a group
of residues accessing alternative conformations at 298 K (but not at
283 K), and the amide resonances of N42, K71, and A111 disap-
peared at higher temperature (>293 K in 1H–15N HSQC spectra, at
600 MHz) [22]. Conformational exchange has been reported to be
responsible for non-linear temperature dependence of backbone
amide 1H chemical shifts [23] and resonances disappearing and
reappearing in a temperature-dependent manner was also thought
to be the result of conformational averaging between native sub-
populations [24,25]. While data from both 15N relaxation disper-
sion and temperature dependence of backbone amide resonances
suggest the presence of local conformational heterogeneity within
mIL-333–156 [22], the CLEANEX experiments [26] performed on
mIL-333–156 at 283 K (Fig. 1) confirm unambiguously the presence
of rapid chemical exchange with water for the backbone amide
protons of N42, K71, and A111 at 283 K, with exchange rates of
2.2, 2.1, and 4.5 s�1, respectively, at 283 K compared with ex-
change rates of 0.6, 0.5, and 1.5 s�1, respectively, for L37, A153,
and G155 from the N- and C-termini (see Fig. 1C).

Backbone amide resonances of N42, K71, and A111 are visible at
293 K, but broadened considerably due to chemical exchange with
water. At 288 K, their intensities are still significantly lower (par-
ticularly for K71) when compared with other resonances such as
K97 and R122. Partial 1H–15N HSQC and SOFAST-HMQC spectra
of mIL-333–156 containing resonances of K71, K97, A111, and
R122 at 288 and 283 K are shown in Fig. 2. As can be seen from
Fig. 2B and D, the SOFAST-HMQC with an inter-scan delay, TR, of
100 ms yields a peak intensity for K71 comparable with those of
K97 and R122 (whose amide protons are not undergoing signifi-
cant exchange with water) and an intensity for A111 even stronger
than those of K97 and R122 (Fig. 2B).

Intensity ratios for amide resonances of mIL-333–156 calculated
from their respective resonance intensities in SOFAST-HMQC and
1H–15N HSQC spectra (283 K) plotted as a function of the inter-scan
delay, TR, used in SOFAST-HMQC are depicted in Fig. 3A. Fig. 3B
plots the intensity ratios of SOFAST-HMQC (TR = 100 ms) and
1H–15N HSQC vs. their sequence position for mIL-333–156 at 283 K.
Significant exchange enhanced sensitivity gains are evident for
the amide resonances of N42, K71, and A111 relative to other
amide resonances, including those of L37, A153 and G155 from
the N- and C-termini, which are also in exchange with water. The
results shown in Figs. 2 and 3 demonstrate that backbone amides
displaying significant exchange enhanced sensitivity gains in
SOFAST-HMQC spectra (acquired using band-selective pulses)
correlate with those undergoing rapid exchange with water.

Representative backbone amide resonance intensities of mIL-
333–156 from conventional 1H–15N HSQC and SOFAST-HMQC as well
as their ratios as a function of temperature are shown in Fig. 4A
and B, respectively. As the temperature increases, the exchange
of the C-terminal A153 and G155 amide protons with water be-
comes more efficient and the sensitivity gain from SOFAST-HMQC
over conventional 1H–15N HSQC improves accordingly for these
amides. In contrast, for backbone amides not showing significant



Fig. 2. Exchange enhanced sensitivity gain in SOFAST-HMQC spectra for backbone amide protons in rapid exchange with water. Regions of 1H–15N HSQC and SOFAST-HMQC
spectra of mIL-333–156 in contour and stacked plots, showing significant signal gain for K71 and A111 resonances in SOFAST-HMQC at 288 (A and B) and 283 K (C and D). A and
C were recorded with the sensitivity-enhanced water-flip-back HSQC sequence, TR = 1.2 s, 128 transients, total acquisition time 5 h 50 min at 288 and 283 K, respectively. B
and D were obtained using a SOFAST-HMQC sequence, TR = 43.5 ms, 96 transients, total acquisition time 23 min 14 s at 288 and 283 K, respectively.
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exchange with the water (K97 and I121) the sensitivity gains at
higher temperatures (over the range studied) are minimal. For
N42, K71, and A111, on the other hand, as temperature increases
the sensitivity gain from SOFAST-HMQC also rises, but, at temper-
atures P293 K, these amide resonances become too weak to detect
even in SOFAST-HMQC under the present conditions (with a total
acquisition time of �23 min) presumably because exchange be-
tween these amide protons and water moved out of the slow ex-
change regime, broadening the resonances beyond detection.

The importance of the state of water magnetization in NMR
spectroscopy is widely recognized, and appropriate manipulation
of water magnetization to achieve an improved spectral quality
is well established [14,15,27]. The advantage of keeping the water
magnetization unperturbed throughout the pulse sequence (e.g.
SOFAST-HMQC) in comparison with the water-flip-back scheme
has also been discussed in a recent review by Schanda [12]. In a re-
cent study by Farjon et al. [28], numerical simulation predicts that
hydrogen exchange in nucleic acids does not dominate the recov-
ery of magnetization of imino protons with exchange rates
<0.5 s�1. Our observations of significant sensitivity gain in
1H–15N correlation spectra of proteins acquired with band-selec-
tive pulses for amides undergoing solvent exchange at rates ca
1–10 s�1 are consistent with this prediction.
While unperturbed nuclear spins (e.g. aliphatic protons) con-
tribute to the recovery of amide 1H magnetization through spin
diffusion that results in a sensitivity gain in SOFAST-HMQC over
conventional 1H–15N HSQC spectra [7,12,19], chemical exchange
processes further enhance sensitivity gains for backbone amide
resonances in rapid exchange with water. This exchange enhanced
sensitivity gain is significant with short inter-scan delay, TR, where
an improvement in sensitivity for SOFAST-HMQC over conven-
tional 1H–15N HSQC spectra up to 4-fold is observed (Fig. 3A). This
substantial intensity differentiation among amide protons at
shorter TR values is quenched at TR of �600 ms and longer as a
consequence of magnetization being averaged out among all
amides protons via spin diffusion (Fig. 3A). This resultant 2-fold
improvement of sensitivity at TR > 600 ms (Fig. 3A) for SOFAST-
HMQC over conventional 1H–15N HSQC spectra is consistent with
values reported previously [29]. Recently, new SOFAST-HMQC
based sequences (HET-SOFAST) making use of the hydrogen
exchange phenomenon to probe structural compactness of
proteins have been developed [30]. In addition, the BEST scheme
has also been incorporated into many pulse sequences including
the 3D heteronuclear sequences used for protein sequential assign-
ments [31]. We expect this exchange enhanced sensitivity gain,
reported here, for amide resonances in rapid exchange with water



Fig. 3. Intensity ratios of SOFAST-HMQC and 1H–15N HSQC spectra showing
exchange enhanced sensitivity gain for backbone amide protons in rapid exchange
with water. (A) Ratios of peak intensities from the SOFAST-HMQC spectra and
1H–15H HSQC spectrum plotted against inter-scan delay, TR, in SOFAST-HMQC for a
group of residues showing significant sensitivity gains for N42, K71, and A111
relative to other amide resonances, including L37, A153 and G155 from the termini
of mIL-333–156, which are also in exchange with water. Lines represent fitting to a
three-parameter exponential decay for N42, K71, and A111, respectively. (B) Ratios
of peak intensities for backbone amide resonances of mIL-333–156 vs. sequence
position; peak intensities from the SOFAST-HMQC spectrum with TR of 100 ms were
used in the calculation. Residues shown in (A) were highlighted in (B). The dashed
line in (B) represents the averaged value of the intensity ratios over all amide
resonances. Also shown in (B) is a schematic of secondary structural elements of
mIL-333–156 [22]. In both (A) and (B) the intensity ratios were calculated from their
respective peak intensities from the SOFAST-HMQC and 1H–15N HSQC with
intensities from the 1H–15N HSQC spectrum being scaled based on the difference
in acquisition time and number of transients.

Fig. 4. Temperature dependence of intensities of 1H–15N HSQC and SOFAST-HMQC
spectra and intensity ratios. (A) Temperature dependence of resonance intensities
obtained from conventional 1H–15N HSQC (open symbols) and SOFAST-HMQC
(closed symbols) spectra for (i) backbone amides showing temperature-dependent
peak disappearance/reappearance due to significant exchange with the water (N42,
K71, and A111), (ii) amides located towards the C-terminus and in exchange with
the water (A153 and G155), and (iii) amides showing no noteworthy chemical
exchange with the water (K97 and I121). Peak intensities from the 1H–15N HSQC
were scaled down to account for different acquisition times and number of
transients used in the conventional 1H–15N HSQC and SOFAST-HMQC spectra as in
Fig. 3. (B) Temperature dependence of the ratio of peak intensities from 1H–15N
HSQC and SOFAST-HMQC, as shown in (A), for the same group of backbone amides.
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will be as significant in all applications where selective perturba-
tion of nuclear magnetization is applied. In particular, where amide
exchange processes are rapid such as in intrinsically disordered
proteins there can be significant loss of backbone amide
resonances at physiological pH and temperature due to increased
exchange with water, as, for example, in a-synuclein [6]. Finally,
this exchange enhanced sensitivity gain achievable for backbone
amides in rapid exchange with water retains the sensitivity of 1H
nuclei when compared with heteronuclei (13C) detected NMR spec-
troscopy [32].
3. Experimental

The NMR sample was prepared by dissolving �1 mg lyophilized
13C/15N double-labelled mIL-333–156 (�1 mg) in 500 ll H2O con-
taining 5% 2H2O, 20 mM potassium phosphate and 0.02% (w/v) so-
dium azide at pH 6.7, giving a concentration of 0.14 mM. CLEANEX
spectra were recorded on a Bruker Avance 500 equipped with a
cryoprobe using the CLEANEX-PM sequence [26]. The water selec-
tive shaped-pulse was a 7.5 ms Gaussian. All spectra were acquit-
ted with 1024 and 64 complex data points over spectral widths of
12.0 and 32.0 ppm for F2 (1H) and F1 (15N), respectively, with 128
transients and an inter-scan delay TR of 1.2 s. The following equa-
tion is used to fit the exchange rate, k:

V=V0 ¼ ½k=ðR1A þ k� R1BÞ�fexpð�R1BsmÞ � exp½�ðR1A þ kÞsm�g
ð1Þ

where R1A is the relaxation rate of the nuclear spin in exchange with
the solvent under the CLEANEX mixing condition (a combination of
transverse and longitudinal relaxation), R1B is the water relaxation
rate during the CLEANEX mixing time, sm, and k is the exchange
rate. V and V0 are peak volumes from CLEANEX spectra at various
mixing times and a reference 1H–15N HSQC spectrum, respectively
[26].

Both sensitivity-enhanced, water-flip-back HSQC [14] and SO-
FAST-HMQC [7] spectra were recorded on a Bruker DRX600 spec-
trometer equipped with triple-resonance inverse TXI probe using
standard pulse standard sequences. For SOFAST-HMQC the shaped
pulse for 1H excitation was a polychromatic PC9 of 3 ms with a
rotation angle of 120�, and the subsequent band-selective 1H refo-
cusing pulse is an r-SNOB with duration of 1 ms as in the original
sequence [7]. Offsets for both shaped-pulses PC9 and r-SNOB are
8.15 ppm. Both 1H–15N HSQC and SOFAST-HMQC spectra were ac-
quired with 256 and 64 complex data points over spectral widths
of 12.0 and 32.0 ppm for F2 (1H) and F1 (15N), respectively, with
13C decoupling in the F1(15N) dimension achieved with a 500 ls
Chirp pulse. For SOFAST-HMQC spectra recorded at different TR val-
ues, the number of transients was adjusted (ranging from 16 to 96)
to keep the total acquisition time for each spectrum fixed at 23 min
and 14 s. Intensity ratios were calculated from their respective
peak intensities from the SOFAST-HMQC and 1H–15N HSQC with
intensities from the 1H–15N HSQC spectrum being scaled based
on the difference in acquisition time and number of transients
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(i.e. normalized to the background noise). All spectra were pro-
cessed using TOPSPIN (Bruker BioSpin) and analyzed with XEASY
software [33].
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